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ABSTRACT 
The vertical fnctional loads imposed by wheat on five 
different temperature cables in a model and full-scale bin 
were measured. Tests were conducted to determine the 
influence of radial positioning of the cable, grain discharge 
rate, and surface characteristics on the vertical frictional 
loads. Qualitative and quantitative comparisons were made 
between the model and fiill-scale temperature cables loads. 
A scale factor was developed by a similitude analysis and 
was statistically verified by data. KEYWORDS, Temperature 
cables. Wheat, Loads, Friction, Similitude. 
INTRODUCTION 
One of the most popular methods of determining potential locations of spoilage in stored grains is through constant monitoring of the internal 
temperatures of the grain mass. A common method of 
monitoring temperatures in a mass of stored grain utilizes 
thermocouples attached at regular intervals to high-strength 
steel cables. Temperature sensing cables are available in 
many types, differing in surface material, size and 
cross-sectional shape. These cables are typically suspended 
from a grain bin roof in a standard pattern so they form a 
three-dimensional matrix of temperature monitoring points. 
These cables are subject to vertical frictional loading 
during filling, storing and emptying operations. Since these 
cables are typically supported by the roof of a grain bin, 
designers require guidelines for estimating the magnitudes 
and characteristics of the vertical loading. The loads 
imposed on temperature sensing cables have caused 
localized failures in certain components of grain bins as 
reported by Wickstrom (1980). 
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Full-scale experiments that determine the loading 
conditions of temperature cables can be expensive and time 
consuming. However, extrapolating results obtained in 
model studies to actual field situations is not always 
apparent. Similitude modeling of full-scale experiments 
provides a quantitative analysis of results that are 
applicable to actual field conditions. Through the use of 
similitude modeling, a designer has the capability to 
answer design questions by a timely and economical 
method. 
The purpose of this study was to compare the qualitative 
and quantitative results between the vertical loading of 
temperature cables in a full-scale and model grain bin 
during dynamic unloading conditions. The effects of 
emptying flow rate, surface characteristics, and the radial 
position of the cables in the bin were examined. A 
relationship between model and full-scale results were 
developed and validated. 
EXPERIMENTAL METHODS 
Tests to determine the variation in the vertical frictional 
loads on temperature cables in both model and full-scale 
grain bins were conducted using five different types of 
TABLE 1. Statistical ranking of cable surfaces in descending order of the 
magnitude of the vertical load per unit surface area 
Full-ScaleBin 
Cable surface / number* 
Vinyl "A"/5 
Vinyr*B*V2 
Nylon "A" / 1 
Nylon "B"/4 
HDLE polyethylene / 3 
Catcgoryt 
A highest 
B 
C 
C 
D lowest 
Model Bin 
Cable surface / number 
Vinyl "A"/5 
Vinyl "B" / 2 
Nylon "A"/I 
HDLE polyethylene / 3 
Nylon**B"/4 
Category 
A highest 
B 
C 
D 
E lowest 
* This number corresponds to the number listed in figure 1. 
t Categories with the same letters have magnitudes that are not 
significantly different at the 0.01 level. 
Figure 1-The five different types of temperature cables used in the 
research. 
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temperature cables (see Table 1 and fig. 1). All cables are 
commercially available and vary with respect to cable 
diameter, surface characteristics, and cross-sectional areas. 
Experiments were conducted in a smooth-walled 
galvanized steel full-scale bin, 4.1 m in diameter, and in a 
corrugated-walled, galvanized steel model bin, 0.9 m in 
diameter. Both bins were flat bottom bins equipped with a 
centric filling spout and centric discharge orifice. Three 
identical temperature cables were located at 0.14, 1.02, and 
1.63 m from the center of the full-scale bin and 0.03, 0.23, 
and 0.37 m from the center of the model bin. These 
positions represent approximately 7, 50, and 80% of the 
bin radius (see fig. 2) and will be referred to as the center, 
midway, and wall positions, respectively. 
The temperature cables were suspended from load 
transducers which measured the magnitude of the vertical 
fiictional load with an accuracy of ±5.6 and ±0.5 N for the 
full-scale and model bin tests, respectively. The cables 
were suspended in the bin above the static grain mass 
formed by the angle of repose so the entire cable surface 
was exposed to flowing grain during the emptying process. 
During filling of the bin, lateral movement of a cable was 
restrained by a piece of twine that was attached to the 
bottom of the cable and passed through the bin floor and 
fixed. The twine was attached to the temperature cables 
with an attaching lug which had a cross-sectional area 
^flT 
» » 
Load Transducers 
";B^ 
-0.5 - ^ 
radius 
Midway 
Grain Surface 
Temperature 
Cables 
I — 0.8 radius -l-W 
p—0.07 radius I I 
Center Wall 
2.6 HDR 
4.1 m Full Scale Bin • ! 
0.91 m Model Bin » 
smaller than the cable. This minimized any additional loads 
resuhing from the attaching mechanism. The twine was 
untied prior to the dynamic portion of the test to allow free 
movement of the cables during emptying. The addition of 
twine to the cable had a negligible effect on the measured 
load of the cables. 
Tests were conducted at different discharge rates to 
determine their effects on the vertical frictional loading. In 
the full-scale bin, tests were conducted for the five types of 
cables at a discharge rate of 84.3 m^/h. Additional tests 
were conducted with cable 3 at discharge rates of 36.3 and 
173.6 m^/h. The model bin tests were conducted for the 
five types of cables at discharge rates of 1.9 and 3.9 m^/h. 
The model bin discharge rates were selected so the average 
vertical grain velocities on the cables in the model bin 
would be similar to the full-scale bin velocities. The full-
scale flow rates correspond to average vertical grain 
velocities on the cables of 46, 106, and 221 mm/min. The 
model bin follow rates correspond to average vertical grain 
velocities on the cables of 49 and 100 mm/min. 
A test consisted of filling the bin, allowing the grain to 
settle for 3 h to permit the pressure within the grain mass to 
stabilize, and then discharging the bin contents through the 
central orifice. The vertical frictional loads and grain 
depths were recorded at specific time intervals throughout 
the emptying of the test bin. A detailed description of the 
test procedures are given in Schwab et al. (1989). All tests 
were conducted with soft red winter wheat at 11.9% 
moisture content (w.b.) and with an uncompacted bulk 
density of 773 kg/m^. The grain properties were monitored 
throughout the test and no significant change was 
observed. Three replications were performed for all tests in 
the full-scale bin and five replications were performed for 
all test conditions in the model bin. 
RESULTS AND DISCUSSION 
VERTICAL FRICTIONAL LOAD CHARACTERISTICS 
The vertical frictional loads on the five temperature 
cables in both the full-scale and model bins are shown in 
figures 3 through 12. The data shown in figures 3 through 
12 have been adjusted to yield corresponding values for the 
height of grain to diameter of bin ratios (HDR) between 
full-scale and model results. The standardized data was 
estimated by a linear interpolation of the actual 
measurements for specific grain heights. The HDR 
HDR HEIGHT OF GRAIN TO DIAMETER OF BIN 
mc 
Figure 2-Schematic diagram of a bin. 
Figure 3-Vertical frictional loading on cable 1 in a model bin at three 
radial positions during emptying. 
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Figure 4-Vertical frictional loading on cable 2 in a model bin at three 
radial positions during emptying. 
provides a corresponding reference point to compare full-
scale to model loads. 
A substantial difference between the vertical frictional 
loads on the cables at the three radial positions is illustrated 
in figures 3 through 12. The influence of radial position on 
the loading of the cables was found to be significant at the 
0.01 level for both model and full-scale tests. Analysis of 
variance values were obtained by SAS (1982) ANOVA 
technique. Thompson (1987) observed similar variation of 
loads on vinyl covered aircraft cables with respect to radial 
position. For the model bin and an HDR of 2.7, the load on 
the cable at the wall position was 1.7 times larger than that 
of the load on the cable at the center position. The load on 
£• ^ \ 
e 40 H 
20 \ 
10 H 
0 -
te:^^^ 
TI I^^^" 
lljjj^F ii^ B~M^B 
2.4 22 1.9 1.7 
HDR • HEKnrr OF OEAIN TO DIAMETBR OF BIN 
m 
Figure 7-Vertical frictional loading on cable 5 in a model bin at three 
radial positions during emptying. 
the cable nearest the wall was 2.1 times larger then the load 
for the cable located at the center position in the full-scale 
bin and similar test conditions. Radial variation of grain 
pressures and emptying grain velocities could have 
produced the difference in the measured vertical frictional 
loads between the radial positions. 
The influence of the discharge rate on the vertical 
frictional loading was examined by using different flow 
rates. This effect was conducted using cable 3 in the full-
scale tests and all cables in the model tests. Analysis of 
variance techniques in SAS (1982), indicated that the 
vertical frictional loading was not significantly influenced 
by the discharge rate at the 0.05 level for the range of 
discharge rates tested. 
22 1.9 1.7 
HDR - HBIOHT OF GRAIN TO DtAMETEX OF am HIMt - HEIGHT OF GRAIN TO DIAMETBR OF BIN 
E<]( 0 C 
Figure 5->Vertical frictional loading on cable 3 in a model bin at three Figure ft-Vertical frictional loading on cable 1 in a full-scale bin at 
radial positions during emptying. three radial positions during emptying. 
£ 4A J 6 40 H 
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3 » 
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0 -
m^^^ 
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Figure 6-Vertical fk'ictional loadfaig on cable 4 in a model bin at three Figure 9-Vertical frictional loading on cable 2 in a full-scale bin at 
radial positions during emptying. three radial positions during emptying. 
VOL. 35(1): JANUARV-FteBRUARY 1992 299 
1400 \ 
COO \ 
400 j 
200 i 
0 J 
2.4 2J 1.9 1.7 
HDR • HBIOHT OF OR AIN TO IXAMETEX OT BIN 
m 
Figure lO-Vertical frictional loading on cable number 3 in a full-scale 
bin at three radial positions during emptying. 
An analysis of variance was performed to determine the 
effects of the cable surface characteristics on the vertical 
loading of cables. The effect of the different cable sizes 
was removed by dividing the total load on each cable by 
the surface area submerged below the grain. The cable 
surface type had a signiflcant influence on the loads 
imposed on the cables at the 0.01 level. The maximum 
mean load was 1.8 times larger than the small mean load 
for both model and full-scale tests. The division of cables 
into categories by the magnitude of the vertical loading per 
unit area are presented in Table 1. Schwab et al. (1989), 
reported that the surface characteristic of the cables had a 
signiHcant effect on the coefficient of friction between the 
cable and the grain. Cable 5 was determined to have a 
coefficient of friction 1.5 to 2.0 times greater than that of 
the other cable surfaces. The effect which the surface 
characteristics had on the vertical load per unit area for 
each cable, as determined by a Duncan-Waller test (SAS 
1982), is shown in Table 1. The results for the model bin 
were close to the full-scale bin except for two conditions. 
In the model bin cables 3 and 4 were interchanged from the 
full-scale bin results with respect to the vertical load per 
unit area. The reversed positions of cables 3 and 4 in the 
model bin were assumed to be caused by small kinks and 
bends in the cables that caused measurable load changes in 
the model tests only. The loads of the different nylon 
cables were not significantly different from each other in 
the full-scale bin, however the loads were significantly 
different in the model bin. 
HEMt • HEIOin-OF OKAIN TO DIAAffiTBt OP BIN 
m 
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Figure 11-Vertical frictional loading on cable 4 in a full-scale bin at 
three radial positions during emptying. 
Figure 12-Vertical frictional loading on cable 5 in a full-scale bin at 
three radial positions during emptying. 
DEVELOPMENT OF SIMILFTUDE EQUATION FOR MODELS 
An equation was developed to relate the model to full-
scale results utilizing the Buckingham Pi method (Murphy 
1950). This procedure yields a quantitative analysis of the 
result of model studies applied to fiill size situations. An 
equation of pertinent quantities are formed and n terms of 
dimensionless variables are developed. The vertical 
frictional loading or secondary quantity are expressed as a 
function of the primary quantity. The basic equation (see 
nomenclature for definition of terms) containing the 
pertinent quantities of similitude coefficients is: 
^ »* cl ^ c2 c3 ^, c4 ^ c5 ^ c6 ^ 
C^X D^ Yg Hg D^ R,, = 1 . (1) 
Equation 1 can be written in the unit quantity which is 
expressed by: 
cl c2 -3 c3 c4 c5 c6 
0 = (F)' Qjf (FL V ( L ) (L) (L) . (2) 
The resulting auxiliary equations obtained from 
equation 2 must contain all the basic dimensions shown in 
the equation. The auxiliary equations are: 
F:c l+ c3 = 0 (3a) 
L: + c 2 - 3 c 3 + c4 + c5 + c6 = 0 . (3b) 
Solving for 6 unknowns, the values for c2 and c3 are 
arbitrarily assumed to be 1. The determinant of the 
remaining coefficients must not equal zero for the 
equations to be independent. The selection of the values for 
c2 and c3 yielded a determinant which is not equal to zero. 
Individual K terms are evaluated by assuming one of the 
coefficients equal to unity and solving equations 3a and 3b 
for c2 and c3 and then substitution of the coefficients into 
equation 1. The first JC term is evaluated by assuming cl 
equals 1. The auxiliary equations 3 becomes 
F : l + c3 = 0 
L: + c2 - 3c3 = 0 
which reduces to c3 equal to -1 and c2 equal to - 3 . The 
coefficients are then substituted into equation 1 which 
yields: 
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. . = ^ (4) 
YgDb 
The same steps are repeated for the remaining coefficients 
until the number of n terms are equal to the number of 
variables minus the number of primary unit quantity. The 
remaining K terms are: 
The general solution is: 
Jl, 
J l , = — £ -
' Db 
" ' - ^ -
= f(jC2,% n^ (5) 
A prediction equation between the loads of a model and 
full-scale experiments can be developed using the general 
solution. Since equation 5 is a general solution it can be 
applied to both situations and the prediction of full-scale 
loads from the model loads can be determined by utilizing 
the ratio of the full-scale to model solutions as shown 
below: 
^1 - ^^2> ^3> ^4) 
^ I m f(JC2m'^3m'^4111) 
The true model must satisfy the restrictions that all 
variables are reproduced to correct model scale. This 
property is evaluated by setting n terms of the model equal 
to the similar n terms of the full-scale. The scale factor for 
the model is based on: 
in which the ratio of the two bin diameters represents the 
scale factor and that n term can be rewritten as: 
• ^ = ^ 
where 
n = ^ (6) 
For the model and full-scale bin diameter used in these 
experiments the value of the scaling factor would be 
n = 4.5. The design consideration for a true model using 
equation 6 as the scaling factor would be: 
D. =5« 
H 3 
gm n 
(7a) 
X = -
' gm 
YgJ (7b) 
However, the model experiment was not a true 
geometrical model because the diameter of the temperature 
cables were the same size in the model as in the full-scale 
experiments. Therefore, the model must be considered a 
distorted model and the prediction equation must be altered 
to account for the deviation from a true model conditions. 
Equation 7b is the prediction equation for loads based on a 
true model. A distortion factor must be included in the 
prediction equation so the distortion caused by using the 
same diameter temperature cables in both model and full-
scale tests is removed. The vertical frictional loading of the 
temperature cable for the distorted model will be larger 
than the true model because the diameter of the 
temperature cable was not reduced by the scale factor n, as 
indicated in equation 7a. Therefore, to correct the 
distortion, the vertical frictional loading of the model bin, 
A^ will have a distortion factor of 1 divided by n. Solving 
for the vertical frictional loading A^ in equation 7b with 
the cable diameter distortion yields: 
A_ = n 
\x(hl!L 
n / n 
The ratio of the two bulk densities of the grain used in the 
experiments is unity because identical grain was used in 
both tests, so the prediction equation reduces to: 
™ „2 «" 20.3 (8) 
VALroATION OF PREDICTION EQUATION FOR MODELS 
An analysis of variance determined that the values of 
the vertical frictional loads on temperature cables between 
the model and full-scale tests were significantly different at 
the 0.01 level. Using equation 8, the values of the model 
experiment were converted to full-scale values and 
compared with the measured values of the full-scale tests. 
The same model loads were multiplied by the model factor 
of 20.3 and the same analysis was performed again. The 
analysis of variance showed that there was no significant 
difference at the 0.05 level. The model factor developed by 
the similitude approach gives satisfactory predictions of 
full-scale situations. 
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CONCLUSIONS 
This investigation determined the magnitudes and 
characteristics of the vertical frictional loadings on 
temperature cables in full-scale and model bins. The 
influence of radial positioning, surface material, and 
discharge rates were examined. The measured vertical 
frictional load on temperature cables was used to validate a 
similitude model. Characteristics of the vertical frictional 
loading of temperature cables obtained for the model bin 
corresponded with the results observed in the full-scale bin. 
1. The influence o f the radial positioning significantly 
influenced the imposed loads. The vertical frictional 
loads were the largest on cables located nearest the 
bin wall. 
2. The cable surface material significantly influenced 
the imposed loads. The surface materials, vinyl and 
nylon, which represent different apparent coefficients 
of friction significantly influenced the magnitudes of 
vertical loads. The vinyl cable surfaces had the 
highest vertical load per unit surface area than any 
other surface tested. 
3 . The emptying f low rate did not have a significant 
influence on vertical frictional loads. 
4. The similitude equation developed accurately 
converts model measured loads to full-scale values. 
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NOMENCLATURE 
Ca = 
Db = 
Dbm = 
F 
« g = 
H — 
"gm -
HDR = 
L 
cl 
c2 
c3 
c4 
c5 
c6 
n 
Yg 
Ygm 
k 
^ 
^i 
^im = 
coefficient used in similitude 
diameter o f full-scale test bin (m) 
diameter o f model test bin (m) 
equivalent diameter of the cable (m) 
(Dj^ = V4area7c) 
primary unit quantity of force for 
similitude (N) 
height of grain in the full-scale test bin (m) 
height of grain in the model test 
bin (m) 
height of grain to diameter of test bin 
primary unit quantity o f length 
for similitude (m) 
radial position o f the cable in the bin (m) 
coefficient used in auxiliary equation 
coefficient used in auxiliary equation 
coefficient used in auxiliary equation 
coefficient used in auxiliary equation 
coefficient used in auxiliary equation 
coefficient used in auxiliary equation 
scale factor relating model to ftiU-scale results 
uncompacted bulk density of the grain for full-
scale bin (kg/m^) 
uncompacted bulk density of the grain for 
model bin (kg/m^) 
vertical frictional loading for 
full-scale bin (N) 
vertical frictional loading for model bin (N) 
dimensionless quantity used in similitude 
analysis 
model dimensionless quantity 
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